Photocatalytic oxidation reactions were carried out in sealed 5 mm glass NMR tubes at room temperature. All samples were In situ solid-state NMR (SSNMR) methodologies have been used to investigate the surface properties and photooxidative reactivities of a number of metal oxide photocatalysts. Adsorption of ethanol on single monolayers of TiO2, SnO2, V2O5, and WO3 supported on porous Vycor glass results in the formation of hydrogen-bonded ethanol species and metal-bound ethoxide species. The chemical shift of the metal-bound ethoxide species varies with the metal oxide catalyst while the chemical shift of the hydrogen-bonded species is independent of the metal oxide. X-ray powder diffraction, UV-VIS spectroscopy, and SSNMR investigations of ethanol adsorption show that increasing the number of monolayers of TiO2 on the Vycor surface changes the morphology of the catalyst from amorphous at a single monolayer coverage to anatase at a four monolayer coverage. The rate of photocatalytic oxidation of ethanol, acetone, and 2-propanol also increases with increasing TiO2 monolayer coverage.
Introduction
Heterogeneous semiconductor photocatalysis is an emerging area of environmental catalysis with significant potential to provide effective means to detoxify noxious organic pollutants. Due to growing interests in the development of inexpensive and efficient methodologies to reduce environmental toxins, a number of semiconductor materials including V2O5, SnO2, and WO3 have been investigated. 1, 2 Due to its stability, nontoxicity, availability, cost effectiveness, as well as the ability to degrade a variety of halogenated and non-halogenated organic compounds, TiO2 remains the most frequently studied semiconductor photocatalyst. The surface chemistry of TiO2 at both the gas-solid and liquid-solid interface has been reviewed by a number of authors. [3] [4] [5] [6] Significant research efforts using a variety of experimental and analytical methods have been applied to study the numerous surface processes and reaction mechanisms involved in photocatalytic oxidation reactions. We have introduced a new approach, the use of in situ solid-state NMR (SSNMR) spectroscopy to the study of the surface chemistry of photocatalytic oxidation reactions. [7] [8] [9] The use of in situ SSNMR to study the near-UV light driven oxidation reactions yields an abundance of information about the reaction chemistry of organic molecules on the catalyst surface because of the atomic specificity, high resolution, and quantitative capabilities of NMR as well as its ability to distinguish between strongly or weakly bound or mobile species. In this paper, we use ethanol to probe the different electronic environments of a number of single and multiple monolayer metal oxide catalysts supported on porous Vycor glass. Ethanol is used as a probe molecule in this study because it is a relatively simple molecule, and its adsorption on TiO2 has been well studied using a number of analytical techniques. Anatase TiO2 is thought to be the most photocatalytically active form of TiO2. Work by Anpo and coworkers has shown that anatase TiO2 can be formed on the surface of porous Vycor glass (PVG) by anchoring three or more monolayers of TiO2 on the glass surface using chemical vapor deposition or metal ion implantation. [10] [11] [12] In situ SSNMR has been used to study the surface morphology and photocatalytic activity of one, two, and four monolayers of TiO2 supported on PVG using the adsorption and gas-phase photooxidation of ethanol, acetone, and 2-propanol.
Experimental

Catalyst and sample preparation 1. Porous Vycor glass supported catalysts.
A number of single and multiple monolayer TiO2, SnO2, WO3, and V2O5 catalysts were prepared using porous Vycor glass as a support. All supported catalysts were prepared using PVG rods (Corning 7930, BET surface area ∼250 m 2 /g, pore diameter 40 Å) that were 3.6 mm in diameter and 12 mm long, weighed 180 mg, and which were degassed and calcined at 773 K for 4 h each. Single monolayer TiO2/PVG catalysts were prepared on a gas rack using the chemical vapor deposition of TiCl4. This procedure has been described in detail in previous publications. [7] [8] [9] Similarly, SnO2 and WO3 catalysts were prepared by chemical vapor deposition of SnCl4 and WCl6 in CCl4, respectively, onto previously calcined porous Vycor glass. The V2O5 supported catalysts were prepared by immersing the PVG support overnight in a small test tube containing 90 µl of 0.17 M NH4VO3, then slowly heating to dryness. 13 In addition to the preparation of single layer catalysts, two and four monolayer TiO2/PVG catalysts were prepared by repeating the chemical vapor deposition process on dehydrated catalysts until the desired number of layers had been established. prepared by loading the catalyst in the NMR tube and pretreating the catalyst by evacuation at 773 K for 4 h. The catalysts were then calcined at 773 K for an additional 4 h, evacuated to a pressure of 5.0 × 10 -5 Torr, and then cooled to room temperature inside the heater. The PVG supported catalysts were then placed inside a glovebox where plastic endcaps whose outer diameter fit snugly into the NMR tube were placed on each end of the PVG rod for MAS experiments. With the endcaps in place, the dehydrated catalyst was loaded into the NMR tube, removed from the glovebox, evacuated, and then loaded with 48 µmol of 1,2-13 C-ethanol (Cambridge Isotope Laboratories) and 96 µmol of O2 using a liquid nitrogen trap. The sample was then flame sealed. Figure 1 shows a typical sealed sample: in this case, the catalyst is V2O5 supported on PVG. Samples of 32 µmol of 1,2-13 C-acetone (Cambridge Isotope Laboratories) and 96 µmol of O2 or 35 µmol of 1-13 C-2-propanol (Cambridge Isotope Laboratories) and 96 µmol of O2 loaded on the three TiO2/PVG monolayer catalysts were prepared in the above manner.
TiO2 powder catalyst.
A powdered anatase TiO2 catalyst was prepared by packing 180 mg of Hombikant UV 100 (BET surface area >250 m 2 /g, particle size <10 nm) in a 5-mm NMR tube (Norell). The packed powder catalyst was attached to a gas manifold, placed in a ceramic heater, degassed at 773 K for 4 h to remove both weakly and strongly adsorbed water molecules as well as the majority of the surface hydroxyl groups, then calcined at 773 K under 1 atm of O2 for an additional 4 h. The sample was then evacuated to a pressure of 5.0 × 10 -5 Torr and allowed to cool to room temperature inside the ceramic heater. The pretreated TiO2 powder catalyst was then loaded with 48 µmol of 1,2-13 C-ethanol and 96 µmol of O2 using a liquid nitrogen trap, and then flame sealed. Samples of 32 µmol of 1,2-13 C-acetone and 96 µmol of O2 or 35 µmol of 1-13 C-2-propanol and 96 µmol of O2 loaded on the anatase TiO2 were prepared in the above manner.
NMR methods
In situ NMR experiments were performed using a home-built optical/MAS probe and light delivery system. The UV light source is a 300-W xenon arc lamp (ILC Technology) from which near-UV light (350 < λ < 450 nm) was delivered to the sample using a dichroic mirror and a liquid-filled optical light guide (Oriel Corp.). A 70-mm long quartz rod light pipe was attached to the end of the light guide, and the near-UV light was brought to the sample through a 10-mm gap in the RF coil. The probe is double tuned for 1 H and 13 C observation at frequencies of 300 and 75.4 MHz, respectively, using a Varian INOVA spectrometer. The probe is capable of spinning the sealed NMR samples at speeds as high as 2.7 kHz. The near-UV light power reaching the sample was measured to be 5 mW by standard ferrioxalate actionometry.
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Results and Discussion
Adsorption of ethanol on the surface on various metal oxides
The adsorption of ethanol on the surface of various metal oxides supported on PVG was examined using crosspolarization (CP) experiments. The mobility of molecules has a significant effect on 1 H-13 C dipolar coupling, and in particular chemisorbed molecules are easily distinguished from physisorbed or gaseous molecules using CP/MAS experiments. To insure further that only very strongly bound molecules are detected, short CP contact times of 0.050 ms were used. downfield resonances were identified as the Ti bound ethoxide species. 9, 20 The intensity of the upfield methylene resonance decreased with increasing temperature and disappeared by 473 K, and is identified as the hydrogen-bonded ethanol species. The downfield methylene resonance eventually disappears by 623 K, and is identified as the surface bound ethoxide species in agreement with previous work on polycrystalline TiO2 powders. [17] [18] [19] This knowledge of chemical shifts of surfacebound ethanol species may be used to identify each of these species on different metal oxide catalysts. The upfield methylene resonances are identified as a hydrogen bonded ethanol species, and the downfield methylene resonances are identified as metal bound ethoxide species formed at coordinatively unsaturated metal atom sites. Interestingly, the chemical shift of the metal bound ethoxide species is unique to each metal oxide indicating the very different electronic environments at each metal oxide catalyst surface which can be attributed to such factors as differences in metal-oxygen bond strength or the oxidation state of the metal. In contrast, the local structure of the hydrogen bonded species is insensitive to the metal oxide which is evident in the almost identical chemical shifts of approximately 60 ppm for pure PVG and all of the PVG supported metal oxide catalysts. Table 1 gives the chemical shifts of the hydrogen bonded and metal bound ethoxide species for each catalyst. It should also be noted that the signal corresponding to the hydrogen bonded ethanol species for the TiO2/PVG and V2O5/PVG catalysts contain shoulders on the downfield side. Ethanol adsorption experiments on low and high surface area SnO2 powder (see supporting information) yielded spectra similar to that of the SnO2/PVG catalyst with the two peaks becoming resolved at higher CP contact times. The shoulders observed on the TiO2/PVG and V2O5/PVG catalysts can be attributed to surface heterogeneity.
TiO2/PVG multilayer catalysts 1. Catalyst characterization.
The UV-VIS adsorption spectra of the TiO2/PVG multi layer catalysts were recorded on a Cary 300 UV-VIS spectrophotometer. Figure 3 shows the UV-VIS adsorption spectra of the one (circle), two (triangle), and four (square) monolayer TiO2/PVG catalysts. As the number of monolayers of TiO2 increases, the absorption spectrum of the catalyst is shifted to longer wavelengths. Similar results have been observed by Anpo and coworkers. [10] [11] [12] The shift of the absorption edge to higher wavelengths with increasing monolayer coverage is due to the development of the band structure in the photocatalyst and is well known to occur in semiconductor nanoparticles. The single monolayer catalyst consists of an assembly of individual titanium-oxygen complexes. Discrete energy levels characteristic of these isolated titanium oxygen complexes interact in the multiple monolayer catalysts and the formation of a band structure occurs, resulting in a shift of the absorption spectrum to higher wavelengths. 10 Additional significant structural changes are observed as a function of the TiO2 coverage. As the number of monolayers is increased, the supported TiO2 forms an anatase structure. Figure 4 shows the X-ray powder diffraction results for the four monolayer TiO2/PVG catalyst (top) and anatase TiO2 powder (bottom) taken on a Siemens F-type powder diffractometer.
The X-ray diffraction data show that a supported catalyst with the anatase structure is formed by layering TiO2 on the amorphous glass surface. The broad component under the first refection of the anatase TiO2 on the supported catalyst is due to the amorphous PVG substrate. These findings are confirmed by X-ray studies by Kol'tsov et al., which show that anchored TiO2 is amorphous until three monolayers have been formed. Diffraction lines corresponding to anatase TiO2 can be observed at higher coverages. 21 
Ethanol, acetone, and 2-propanol adsorption studies.
As observed previously, proton-decoupled 1 H-13 C CP/MAS NMR experiments represent a powerful tool for the identification of surface bound species and for probing the electronic environment of representative probe molecules on various types of TiO2 and other metal oxide catalysts. Figure 5 shows the proton-decoupled monolayer, (b) two monolayer, (c) four monolayer TiO2/PVG catalysts, and (d) anatase powder. The chemical shifts of the one monolayer TiO2/PVG catalyst, which consists of isolated TiO2 species, are 60.1 ppm and ∼78 ppm for the hydrogen bonded and Ti-bound ethoxide species, respectively. Ethanol adsorbed on the pure anatase powder has chemical shifts of 62.7 ppm for the hydrogen bonded ethanol species and ∼72 ppm for the ethoxide species. Ethanol adsorption on the two monolayer catalyst shows characteristics of both the amorphous structure of the single monolayer catalyst and the ordered structure of the anatase powder. The chemical shift of the hydrogen bonded ethanol species is the same as the one monolayer catalyst (60.6 ppm) while the chemical shift of the ethoxide resonance is similar to the anatase powder (∼73 ppm). The chemical shifts of the two ethanol resonances on the four monolayer TiO2/PVG catalyst (62.1 ppm for the hydrogen bonded species and ∼73 ppm for the Ti-bound ethoxide species) are within 1 ppm of those of the anatase powder indicating that the catalyst surface is very similar to that of the anatase powder. At this point, weak spectral patterns due to the anatase form of TiO2 are observed. High-resolution electron energy-loss spectroscopy studies of formic acid adsorption on TiO2 thin films grown on Ni(110) surfaces show that a three monolayer film has a TiO2(110)-(1 × 1) surface while a four monolayer film has the rutile TiO2(110) surface. 22 Proton-decoupled 1 H-13 C CP/MAS NMR experiments performed on 32 µmol of 1,2-13 C-acetone and 96 µmol of O2 loaded on the one, two, and four monolayer TiO2/PVG catalysts show that acetone forms a hydrogen bonded acetone species (29 ppm) and a new species that has been identified as a surfacebound epoxide (CH3CHCH2O, ∼50 ppm). In contrast to the results for ethanol adsorption, there is no noticeable change in the 1 H-13 C CP/MAS NMR spectra of acetone as the number of monolayers of TiO2 on the PVG support was varied. Acetone adsorption on anatase TiO2 powder results in the formation of the hydrogen bonded acetone species only. Figure 6 shows the proton-decoupled 1 H-13 C CP/MAS NMR spectra of 35 µmol of 1-13 C-2-propanol and 96 µmol of O2 loaded on the (a) one monolayer, (b) two monolayer, and (c) four monolayer TiO2/PVG catalysts, and (d) anatase TiO2 powder. The spectrum of 2-propanol loaded onto the anatase powder (Fig. 6(d)) consists of two resonances. The resonance at 70 ppm has been identified as a hydrogen bonded 2-propanol species, and the resonance at 78 ppm has been identified as a surface-bound 2-propoxide species that is formed at surface coordinatively unsaturated Ti sites. 24 However, the spectra of 2-propanol loaded on the monolayer TiO2/PVG catalysts ( Fig.  6(a) -(c) ) show that only the hydrogen bonded 2-propanol species (65 ppm) is present on the surface of these catalysts.
Both the surface bound ethoxide and 2-propoxide species have been shown to form at coordinatively unsaturated Ti-sites on the TiO2 surface. 17, 18 These sites are evidently present on the multimonolayer TiO2/PVG catalysts because the formation of the Ti-ethoxide species is clearly observed. However, in comparison to the anatase TiO2 powder, the amount of ethoxide formed on the TiO2/PVG catalysts is much smaller, and there is very little change in ethoxide concentration as the number of monolayers of TiO2 is varied. In adsorption studies of aliphatic alcohols on anatase TiO2 powder, Kim et al. have shown that the molecular coverage per unit surface area is greater for primary alcohols (methanol, ethanol, and 1-propanol) than secondary alcohols (2-propanol) because of steric effects. 17 Lusvardi et al. have shown in studies of the adsorption of methanol, ethanol, and 2-propanol on anatase and rutile TiO2 powder that the local coordination determines the chemistry of alcohols on titania instead of the bulk-crystal structure. 18 Even though the four monolayer TiO2/PVG catalyst is apparently anatase in structure, the local coordination is different from that of the anatase TiO2 powder which is evident in the presence of fewer coordinatively unsaturated Ti-sites. Additionally, the reactivity of primary alcohols is greater than that of secondary alcohols in the preparation of alkoxide anions. By combining the knowledge that there are fewer sites where the 2-propoxide species may form, the fact that there are steric effects involved in the adsorption of 2-propanol on the TiO2 surface, and the decreased reactivity of secondary alcohols relative to primary alcolols in the preparation of alkoxide anions, the inability to form the 2-propoxide species on the TiO2/PVG catalysts can be explained. Also, the lack of particle edge sites on the monolayer catalysts may also inhibit the formation of the 2-propoxide species.
In addition to proton-decoupled 1 H-13 C CP/MAS NMR experiments, much information about the absorption of an organic molecule on the surface of a catalyst can be obtained from proton-decoupled 13 experiments. Figure 7 shows the proton-decoupled 13 C MAS NMR spectra of 32 µmol of 1,2-13 C-acetone and 96 µmol of O2 loaded on the (a) one monolayer, (b) two monolayer, and (c) four monolayer TiO2/PVG catalysts. The linewidths of both the methyl (29.7 ppm) and carbonyl (213.7 ppm) resonances of acetone increase with increasing monolayer coverage. The broadening is due to the presence of surface adsorbed acetone species on catalyst surfaces varying from a surface of isolated titanium-oxygen complexes to an anatase-like surface. At higher TiO2 monolayer coverages, the surface becomes more like anatase TiO2, and the acetone resonances become broader due to increasing surface heterogeneity. Much like acetone, the methylene resonance of ethanol and the 2-propanol resonance in the proton-decoupled 13 C MAS NMR spectra also become broader with increasing TiO2 monolayer coverage on the PVG surface (not shown).
Photocatalytic activity.
The photocatalytic oxidation of ethanol over various types of TiO2 photocatalysts (Degussa P-25 powder, single monolayer TiO2/PVG, and TiO2/optical microfiber catalysts) has been studied in detail using in situ solid-state NMR. 9, 20 The reactive intermediates identified from in situ SSNMR investigations of the photocatalytic oxidation of ethanol over TiO2 powder and single monolayer TiO2/PVG catalysts are acetaldehyde (CH3CHO, 198.7 and 28.8 ppm), acetic acid (CH3COOH, 171.2 and 19.2 ppm), acetate (CH3COO -, 179.0 and 21.9 ppm), formic acid (HCOOH, 161.2 ppm), and formaldehyde (CH2O) in agreement with other photocatalytic oxidation studies. [25] [26] [27] Figure 8 shows the time progression of the photooxidation of 48 µmol of 1,2-13 C-ethanol and 96 µmol of O2 over the one monolayer TiO2/PVG catalyst. In addition to the identification of reactive intermediates, in situ SSNMR experiments have shown that the Ti-bound ethoxide species is the photocatalytically active surface species. Figure 9 shows the rate of CO2 production during the in situ photocatalytic oxidation of ethanol on the one (circles), two (triangles), and four (squares) monolayer TiO2/PVG catalysts. The peak areas were measured to calculate the relative rate of photocatalytic oxidation. The order of reactivity of these catalysts is the following: four monolayer > two monolayer > one monolayer. The periodic variance from this order is due to a fluctuation in the signal-to-noise level of the spectra caused by noise from our light source. This increase in photocatalytic reactivity can be attributed to the formation of the more reactive anatase surface on the four monolayer catalyst and the efficient delivery of light to the catalyst supported on a transparent substrate (PVG). In contrast to our findings in the gas-phase, Anpo and coworkers observed that the single monolayer TiO2/PVG catalyst was the most photoreactive in the oxidation of the liquid-phase oxidation of 1-octanol in acetonitrile with O2 and in the liquid-phase oxidation of 2-propanol diluted in water with O2. 11, 12 In situ SSNMR studies of the photocatalytic oxidation of acetone on the single monolayer TiO2/PVG catalyst and Degussa P-25 TiO2 powder show that the presence of a surface bound epoxide species (CH3CHCH2O, ∼50 ppm) is required for the effective photocatalytic oxidation of acetone. 23 The epoxide species was only found on the TiO2/PVG catalysts. The major photooxidation product after 120 min of in situ UV irradiation was CO2 (125 ppm) with a small amount of acetic acid. The four monolayer catalyst produces 1.6 times as much CO2 after 120 min of irradiation as the one monolayer catalyst and 1.3 times more than the two monolayer catalyst. Therefore, the more ordered structure of the TiO2 surface in the four monolayer catalyst does not inhibit the formation of the epoxide species necessary for photocatalytic oxidation to occur as observed on anatase TiO2 powder and Degussa P-25 powder (70% anatase and 30% rutile), and in fact shows increased photocatalytic reactivity over the single monolayer catalyst.
The effective photocatalytic oxidation of 2-propanol over TiO2 has been shown to be dependent on the formation of a Ti-129 ANALYTICAL SCIENCES JANUARY 2001, VOL. 17 bound 2-propoxide species.
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The 2-propoxide species is formed on pure anatase TiO2 (78 ppm) and on Degussa P-25 powder (76 ppm) while it does not form on the TiO2/PVG catalysts. After 3 h of in situ UV irradiation of 2-propanol on Degussa-P25 powder, the photooxidation products acetone (206.8 ppm) and CO2 (124.9 ppm) are observed, accompanied by a large decrease in the intensity of the 2-propoxide resonance and a minimal decrease in the intensity of the resonance corresponding to the hydrogen bonded 2-propanol species. Three hours of in situ irradiation over the TiO2/PVG catalysts result in the formation of only acetone (212.4 ppm). The chemical shift value of the carbonyl carbon of acetone is sensitive to the type of TiO2 used. The order of reactivity of the TiO2/PVG catalysts was observed to be four monolayer > two monolayer > one monolayer, but the rate of photooxidation of 2-propanol over the Degussa P-25 powder was much faster than that of the four monolayer TiO2/PVG catalyst.
Conclusion
Solid-state NMR has been shown to be a useful tool in the investigation of photocatalytic oxidation reactions of ethanol as well as other organic compounds such as acetone and 2-propanol over the TiO2 surface because of its ability to identify both mobile and immobile reaction intermediates, as well as its atomic specificity and quantitative capabilities.
1 H-13 C CP/MAS NMR experiments provide a broad range of information regarding the identity and reactivity of surface species and electronic environment of adsorbates.
Adsorption studies of ethanol on a variety of PVG supported metal oxide catalysts have shown that two species of surface adsorbed ethanol, a hydrogen bonded ethanol species and a metal-bound ethoxide species, are present on each of the metal oxides. Furthermore, the chemical shift of the metal-bound ethoxide species is unique for each metal oxide indicating the different electronic environments on each of the metal oxides.
By building successive monolayers of TiO2 on the surface of porous Vycor glass, the TiO2 structure may be changed from amorphous with single monolayer coverage to anatase with a four monolayer coverage. 1 H-13 C CP/MAS NMR experiments show that the chemical shift of both surface adsorbed ethanol species, the ethoxide species and the hydrogen bonded ethanol species, are sensitive to the structure of the TiO2 on the PVG surface which enables us to determine the type of TiO2 on the PVG. Additional 1 H- 13 C CP/MAS NMR studies of 2-propanol adsorption on the monolayer and anatase powder catalysts show that even though the four monolayer TiO2/PVG catalyst has an anatase structure, the smaller number or nature of the surface defect sites do not allow the formation of the chemically bound 2-propoxide species which is clearly present on the anatase powder. Additionally, changes in the linewidth of the 13 C MAS NMR resonances of all three molecules used in this study indicate that the surface of the PVG supported catalyst becomes more like that of anatase TiO2 as the number monolayers increases.
The photooxidation of ethanol has been shown to depend on the formation of the Ti-bound ethoxide species. By forming the more reactive anatase form of TiO2 on porous Vycor glass, the rate of photooxidation of ethanol has been improved. Photooxidation studies of acetone over the PVG supported and TiO2 powder catalysts have shown that the reaction is inhibited on the powder, yet the rate of photooxidation of acetone was faster over the PVG supported anatase TiO2, demonstrating that there are nevertheless some differences in the supported TiO2 and powdered anatase surface structure.
